Introduction
3 D printing has the potential to revolutionize the way goods are manufactured on a global scale, enabling mass customization while reducing both capital investment and production costs. 1, 2, 3, 4 The ability of small and medium enterprises (SMEs) to make full use of this potential is currently restricted by material choice. Most SMEs only have local access to polymeric fused filament fabrication (plastic material extrusion). Third -party prototyping services offer a broader range of print media, including ceramics and metals. Most commercial 3D metal printers are out of reach of SMEs as they typically cost more than $ 500,000. 3D metal printing is commercially available in several forms: laser -based additive manufacturing, weld -based additive manufacturing, and shape deposition modeling. Laser -based additive manufacturing methods include powder bed fusion (direct metal laser sintering), 5 selective laser sintering, 6 selective laser melting, 7 and directed energy deposition (laser cladding). 6 These methods offer excellent dimensional control but have large production costs due to the use of lasers or metal powders.
Weld -based additive manufacturing methods include gas metal arc welding (GMAW), 8, 9 gas tungsten arc welding, 10 directed energy deposition and powder bed fusion (electron beam melting), 7 electron beam freeform fabrication, 11 and microwelding 12, 13 in a single -layer multipass welding regime. Parts produced by weld -based additive manufacturing are inexpensive and nonporous with good interlayer adhesion, but have a limited print resolution and poor surface finish. Microwelding is the exception, exhibiting excellent dimensional control and finer surface finish resulting from the smalldiameter electrode and wire employed.
Shape deposition manufacturing processes feature both additive and subtractive manufacturing. 14, 15, 16 A single layer of metal is melted, sintered, or welded in a rough net shape and then subsequently milled down to a precise geometry before the next layer of metal is printed. These processes have excellent dimensional control but are expensive and time -consuming as both printing and computer numerical control (CNC) milling equipment are required to produce a part.
The high cost and slow throughput of the current commercial metal 3D printers limit their application to expensive finished products such as custom hip replacements and maxillofacial repairs. 17 There is thus an urgent need for a lowcost 3D printer capable of depositing metals directly for both rapid prototyping and rapid manufacturing for SMEs.
Recent development of a low -cost opensource 3D metal printer exploiting GMAW technology offers the potential for the general public to 3D print metal parts. 18 This printer, based on the RepRap concept 19 (self -rep licating rap id prototyper), is capable of being partially manufactured either by itself or produced in an incremental fashion from components produced by a standard fused filament fabrication system. It utilizes a moving stage upon which the substrate is placed and a fixed print head comprised of a workshop GMAW. Aluminum and steel parts have been printed with this printer using single -pass, multilayer welding and were removed from the substrate with a vertical band saw. This method of part removal is suboptimal as it requires additional processing equipment, costs, and time. Thus, an alternative method is desired.
This article investigates several substrate treatments to provide low -cost release mechanisms to remove 3D -printed aluminum metal parts from the print substrate, outlined in Table 1 . The substrate adhesion and strength of the interface between the 3D -printed part and substrate was quantified using a lap shear measurement commonly employed to assess the strength of adhesives. 20 The results are discussed and a generalized mechanism is proposed for enabling substrate selection for aluminum GMAW 3D printing.
Materials and Methods

Description of a 3D Metal Printer
The metal printer comprised two distinct components, a workshop -grade gas metal arc welder and a three -axis stage as shown in Figure 1 . 16 The GMAW, a Millermatic 140 with Spoolmate 100 weld gun, supplied the material used to print and the energy required to melt the material. The three -axis stage was microprocessor controlled, permitting precise CNC of both the position and speed of the platform upon which parts were printed. The part was built upon a sacrificial 6.35 -mm -thick mild steel or aluminum plate.
The stage was derived from an opensource 3D printer design known as a Rostock, 21 which is a RepRap derivative. Haselhuhn et al.
The original Rostock printer had the extruder mounted on the moving end effector, whereas the three -axis stage used in this work was essentially a Rostock turned upside down, with the workpiece on the moving end effector and the " extruder " (welding gun) fixed in position above it.
During this study, welding parameters were set manually and the motion of the stage was adjusted to produce a quality bead. A quality bead was defined as a continuous line of 3D -printed material with consistent profile. Argon shield gas was used to minimize inclusions and spatter so as to produce a higher quality weld bead. Flux core wire was not utilized as it can leave a waste layer on top of the weld, making it difficult to print multiple layers.
Details of the Three -Axis Stage
The three -axis stage is shown in Figure 1 . All of the designs for the hardware and all of the software employed are free and open -source. 22 The all -metal construction 23 minimized risk of damage due to weld spatter and heat. The drive mechanism utilized three NEMA17 stepper motors (5.5 kg · cm torque) with lead screws integrated into their shafts, requiring no couplings between the motors and lead screws. The trapezoidalthreaded lead screws had a 5 mm pitch and were 300 mm in length. The three motors were arranged vertically on a 394 mm circle, spaced 120 ° apart as shown in Figure 1 . In general, the three -axis stage was based upon an industrial delta robot design commonly used for pick -andplace operations, except allowing for greater movement in the z -direction.
Control was provided by an Arduinobased controller. Firmware (software resident on the printer ' s microcontroller) controlled the motion of the printer, translating commands from a printer server running on a host computer. The host computer, in turn, served a web interface from which the end user was able to control stage motion, queue print jobs, and make configuration changes.
Software Tool Chain
RepRap 3D printers utilize stereolithography (.stl) files for the input. OpenSCAD, 24 a script -based opensource CAD package, was used to develop the solid models, which were then sliced with the 3D printing software Cura 25 and converted into G -code. G -code provided numerical control to the stepper motors, directing them when to move and how fast to move. The metal printer interfaced with these programs using a printer server developed at Michigan Tech with a web -based interface. 26 
Materials Preparation and Printing of Test Specimens
Standard ER1100 aluminum GMAW wire, 0.030 inches (0.762 mm) in diameter, was used as the weld filament, while degreased 1100 aluminum and A36 low -carbon steel were used for the print substrate materials. Three substrate release mechanisms were tested, incorporating the use of various coatings and substrate materials to modify adhesion of the 3D -printed part (Table 1 ). An aluminum oxide coating, approximately 18.8 μ m thick, was applied to the two substrate types. Coating thickness was calculated using an average mass across the surface area of the substrate. The coating was applied as a slurry prepared by mixing 100 mL 95 % isopropyl alcohol (BDH, Inc.) with 27 g of 10 μ m aluminum oxide powder of 99.7 % purity (Sigma -Aldrich). Mixing was performed with a magnetic stir bar for 5 minutes to ensure homogeneity. The slurry was poured onto a single substrate at a time, held at an angle until the substrate was completely covered. The slurry was remixed between substrate coatings to minimize settling. The coated substrates were laid flat to dry for approximately 30 minutes.
An aerosol -based boron nitride coating (ZYP Coatings ( Figure 2 ) . A sheet of 6.35 -mm -thick A36 low -carbon steel was placed under the substrate plates to act as a heat sink. Relevant print parameters, including cover gas, wire feed rate, power, and slicing speed are shown in Table 2 . The slicing speed is defined as the speed at which the threeaxis stage, upon which the substrate rests, moves. Each test specimen was water -quenched immediately following print completion. An identical procedure was maintained for printing on A36 lowcarbon steel coupons. Substrate Release Mechanism
Testing and Analysis of Samples
The adhesion strength of the interface between the 3D -printed part and the substrate was quantified using a lap shear test. The substrate materials were loaded until failure by an MTS tensile load frame with a 150 kN load cell at a rate of 85 μ m per second. Failure was marked as the maximum stress required to break the printed metal coupon away from one of the substrate plates. The maximum load at failure corresponded to the strength of the interface for a given adhesion area.
Results and Discussion
The results of the lap shear test are summarized in Figure 3 . The error bars in this figure represent ± 1 standard error of the mean, which is the standard deviation normalized for sample size. Overall, it was observed that the peak breaking stress of aluminum printed on low -carbon steel was less than that of aluminum printed on aluminum, regardless of coating type. In all samples, the peak breaking stress of boron nitridecoated substrates was less than both the aluminum oxide -coated substrates and the uncoated substrates. A two -way analysis of variance (ANOVA; α = 0.05) model indicated that there was a significant difference in the breaking strength between the samples printed on low -carbon steel versus aluminum. There was also a significant difference in the breaking strength between samples printed on boron nitride compared with aluminum oxide or no coating. Twosample t -tests ( α = 0.05) confirmed these results. No deformation of the print substrate was observed.
The first substrate release mechanism, a control group, examined the adhesion strength between commercially pure aluminum printed on commercially pure aluminum. In this instance, good joining between the printed and substrate materials was observed. This result was expected because no compounds or coatings were applied to prevent adhesion.
The second substrate release mechanism attempted to exploit the formation of intermetallic phases between aluminum and low -carbon steel. Intermetallic phases form between solid solutions of different metals and are characterized as having a crystal structure that is different from each individual solid solution phase. Aluminum -iron intermetallics have been well studied, perhaps because iron is a major impurity element in aluminum. 27 Chiefly, the compound Fe 2 Al 5 forms adjacent to the ferrous substrate and FeAl 3 forms adjacent to the aluminum. 28, 29 This formation is dominated by the diffusion of iron atoms into the liquid aluminum 26 and is affected by factors such as the presence of silicon in the aluminum 30 and carbon in the iron, 31 temperature, and interaction time between the aluminum and iron atoms. 32 While most manufacturers try to suppress the formation of aluminumiron intermetallic compounds due to their brittle nature, here the formation of these intermetallics was encouraged to form a brittle interface between the printed part and substrate. This brittle interface may have allowed the aluminum samples to be easily removed from the low -carbon steel substrate, not only via a lap shear test but also with a hammer and chisel, exploiting the low strength of this interface.
Printing aluminum on uncoated steel worked well to prevent adhesion between the sample and the substrate. This behavior was likely the result of two factors: the formation of aluminumiron intermetallic compounds and minimal weld penetration into the steel due to differences in thermal properties between aluminum and steel. However, future studies encompassing comp ositional analysis and microstructural characterization are recommended to test these hypotheses.
Both the specific heat capacity and melting temperature of aluminum are different from those of steel. For instance, the specific heat capacity of 1100 aluminum is 0.90 J / (g · K), whereas the specific heat capacity of A36 low -carbon steel is 0.48 J / (g · K). This indicates that more energy is required to increase the temperature of the aluminum as compared to steel. Generally, a mass of aluminum will diffuse heat more quickly than the same mass of steel due to aluminum ' s higher thermal conductivity. Aluminum also has a higher heat capacity allowing it to store more thermal energy before reaching temperatures yielding weld penetration in steel. These two factors allow aluminum to store more thermal energy than steel at a given temperature. This heat storage acts as an impetus to allow surface chemical reactions, such as the formation of intermetallic compounds, to occur. As described previously, a thin intermetallic layer can form a very low -strength, brittle interface between the aluminum and steel substrate that allows the aluminum to be removed from the steel with ease. As the steel remains solid at the interface due to differences in melting temperatures, there is much less mixing and diffusion of the two metals, preventing both adhesion and warping of the substrate during printing. One additional benefit of this substrate release mechanism is that it does not require additional coating materials or processes as described by the other proposed mechanisms. While the ANOVA and two -sample t -tests do not indicate that this mechanism provides the loweststrength interface, it is a low -cost, noeffort method to prevent adhesion between the 3D -printed aluminum part and substrate.
The third substrate release mechanism, sacrificial aluminum oxide and boron nitride coatings, is frequently used in the metal casting industry to prevent adhesion of liquid aluminum metal to iron -based permanent molds, providing the motivation for assessing the efficacy of similar treatments on 3D metal printing substrates. Application of boron nitride coatings to a print substrate limits adhesion between 3D -printed metallic parts and metallic substrates, allowing the parts to be removed with relative ease. Even at more than triple the coating thickness, aluminum oxide (18.8 μ m coating) exhibited a higher adhesion strength than did boron nitride (5.9 μ m coating). In fact, there was no statistical difference between the adhesion strength of noncoated substrates versus aluminum oxide -coated substrates. This behavior may be due to the fact that the aluminum oxide coating did not contain any chemical binders, whereas the boron nitride coating did. These chemical binders may help the coating survive the harsh welding conditions. Some of the aluminum oxide coating may have been removed by the energy associated with rapid heating of the substrate and shield gas, limiting its ability to prevent adhesion between the molten aluminum and metallic substrate.
All of the techniques outlined in this article allow for substrate reuse, which is both an economic and environmental benefit. Preliminary work indicated that the same substrate can be used several times. The aluminum oxide and boron nitride coatings can be scraped, sanded, or simply washed off with water to prepare the surface for reuse, an improvement over other 3D printing techniques such as laser melting and laser welding of metals, which require a sacrificial substrate.
This work enhances the value of the lowcost open -source 3D metal printer by providing a simple means for removing parts from the substrate and by permitting substrate reuse. Prototyping and manufacturing printed metal parts using this technology is not limited to just SMEs in developed regions, but also enables metal 3D printing of opensource appropriate technology 33 in the developing world. 34 Clearly, the ability to produce custom functional metal parts (e.g., bicycle components, water pump components, or small wind turbines) in a relatively isolated community would have far -reaching implications. Beyond the economic benefits, this technology may also have utility in education as assessed in work by UNESCO considering how 3D printing could be used for education in such communities. 35 Evaluation of polymer -printing RepRaps demonstrated significant cost savings 3 and environmental benefits 36 as compared to conventional manufacturing methods; a similar evaluation is needed to determine the economics of this metal 3D printing method. Future work is also required to determine substrate durability and life. This will establish a reasonable substrate reuse rate as well as the effect on life cycle economics. Characterization of the printed metal part is necessary to establish compositional and mechanical properties and their relationship to the type of coating used, weld parameters, and local environment. This may be accomplished by compositional mapping, hardness measurements, and standard tensile and bend tests. The part -substrate interface also requires similar characterization to better define the mechanisms responsible for adhesion modification and to provide insight for additional manipulation of those mechanisms. In the case of printing aluminum on uncoated low -carbon steel, additional work is necessary to establish the effect of aluminum alloy on wetting and adhesion to the substrate.
Conclusions
This study has provided low -cost methods allowing easy removal of 3D -printed aluminum parts from readily available substrates. Printing aluminum on boron nitride -coated low -carbon steel substrates produced the weakest interfacial adhesion strength. Aluminum parts printed on uncoated low -carbon steel could also be easily removed with the benefit of not requiring application of a coating prior to printing.
